1. Introduction {#sec1}
===============

Statins consist of a class of drugs at first identified as fungi metabolites, characterized by different lipophilicity and effectiveness \[[@r1]\]. They are potent inhibitors of mevalonate (MVA) pathway (Fig. **[1](#F1){ref-type="fig"}**). This pathway mainly produces cholesterol, but it is also responsible for the generation of other important end-products that play several physiological roles: Coenzyme Q (mitochondrial respiratory chain), farnesyl and geranylgeranyl moieties (protein post-translational modifications), isopentenyl tRNAs (RNA transcription), and dolichol (protein N-glycosylation) \[[@r2]\]. Statins competitively and reversibly inhibit the key enzyme of MVA pathway, the 3-βhydroxy 3β-methylglutaryl Coenzyme A reductase (HMGR, E.C. 1.1.1.34) by their lactone ring and side chains that bind them to the enzyme's active site \[[@r1]\]. HMGR inhibition, and in turn cholesterol synthesis reduction, leads the cells to a homeostatic response that enhances the extra-cellular uptake of plasma LDL-cholesterol (LDL-C) \[[@r3]\]. In particular, low density lipoprotein receptors (LDLr) and other proteins involved in the regulation of cholesterol metabolism, as well as HMGR, are modulated depending on cellular sterol content by transcription factors named sterol regulatory element binding proteins (SREBPs). SREBPs are embedded into the endoplasmic reticulum (ER) where they are transcriptionally inactive. In the ER, SREBPs interact with the sterol sensor protein SREBP cleavage activating protein (SCAP) \[[@r4]\]. Thus, when intra-cellular sterol content is low, SCAP binds SREBPs and escorts them to the Golgi apparatus where they are proteolytically cleaved, releasing transcriptionally active fragments that migrate into the nucleus and induce the expression of target genes (*e.g*., *LDLr, HMGR*). On the contrary, when the amount of sterol increases, SCAP binds the insulin induced gene proteins (INSIGs), which block the SCAP/SREBP complex migration to Golgi apparatus, inhibiting the transcription of genes involved in lipid homeostasis \[[@r4]\]. This refined regulation is at the root of cholesterol homeostasis maintenance, and constitutes the mechanism by which statins exert their hypocholesterolemic activities.

Lovastatin and simvastatin are administered as lactone pro-drug and are converted into their active hydroxy acids in the liver (the different hepatic statin metabolism is well reviewed in Marino *et al*., 2011) \[[@r5]\], whereas other statins are administered as active molecules \[[@r6]\]. Since sterol synthesis is high during the night, statins are more effective when taken in the evening \[[@r7]\]. Statins are mainly absorbed by the P-glycoprotein (P-gp) transporter in the gut \[[@r7]-[@r9]\] and bound to plasma proteins, mainly albumin, except pravastatin \[[@r6],[@r10],[@r11]\]. For this reason, circulating levels of free pravastatin are 10-fold higher than those of other statins \[[@r6],[@r7],[@r12]\]. Tissue distribution of statins is strongly influenced by the drug hydrophilicity \[[@r13]\]. In fact, lipophilic statins cross plasma membranes by passive diffusion, whilst hydrophilic ones activate carrier-mediated processes and are more selective for hepatic tissues, where the most part of cholesterol metabolism takes place \[[@r14]-[@r16]\]. Statins, beside their hypocholesterolemic action, exert both positive and negative pleiotropic activities in several body districts. For instance, statins can be responsible for the onset of different adverse effects, especially in skeletal muscles \[[@r17]-[@r19]\]. On the other hand, statin therapy has been associated to important beneficial outcomes in other organs including the brain, ranging from anti-inflammatory activity to reduction of brain atrophy and disability in multiple sclerosis. Depending on the physiopathological circumstances, it is uncertain whether these events are related to hepatic effects and/or whether they are independent of MVA pathway inhibition \[[@r20]-[@r28]\]. In this review we will summarize and discuss, providing up-to-date information, the current knowledge about the pleiotropic effects of statins in the brain. Pharmacokinetic and pharmacodynamic properties of statins will be analyzed, as well as their involvement as prospective pharmacological therapy for counteracting the onset and the progression of different neuropathological disorders.

2. End-products of mevalonate pathway in brain physiopathology {#sec2}
==============================================================

The effect of statins on MVA pathway inhibition has been well characterized in the liver, where a great part of cholesterol metabolism takes place \[[@r29]\]. However, this pathway is ubiquitously expressed in all mammalian cells, and several findings suggest that MVA pathway inhibition by statins can induce a plethora of pharmacological effects in extra-hepatic tissues \[[@r30],[@r31]\]. For instance, MVA pathway end-products are particularly abundant in the central nervous system (CNS) and their presence at defined concentrations guarantees the correct functioning of different neuronal processes.

2.1. Cholesterol {#sec2.1}
----------------

Despite the brain constitutes 2% of the body weight, it contains about 25% of the total body cholesterol \[[@r32]\]. In almost all tissues, cholesterol need is not only assured by *de novo* biosynthesis, but also by intracellular uptake of lipoprotein-derived cholesterol from the circulation. On the contrary in the CNS, the blood brain barrier (BBB) hinders cholesterol uptake from the bloodstream, thus *de novo* synthesis represents the only source for practically all cholesterol present in this organ \[[@r33]\]. Essentially all (\>99,5%) cholesterol in the CNS is present in an unesterified free form. This lipid is divided into two major pools: the former retains up to 70% of the brain cholesterol and represents a key constituent of myelin sheaths of oligodendrocytes; the latter is made up by plasma membranes of neurons and astrocytes \[[@r34]\]. Astrocytes are able to synthesize at least 2- to 3-fold more cholesterol than neurons. Cholesterol demand by neurons is very high, since this compound is required for a variety of neuronal processes, such as neurite formation and synapse activity \[[@r35]\]. Cholesterol in the brain presents a peculiar metabolic compartmentalization: for this reason, almost all neuronal cells depend on cholesterol synthetized by other cell types. A number of experimental findings indicate that astrocytes are the main brain cells responsible for the dispatch of cholesterol to neurons. A well-accepted model for cholesterol homeostasis in the CNS suggests that neurons strongly decrease or even interrupt their own cholesterol biosynthesis and import this molecule from astrocytes \[[@r36]\]. The hypothesis is supported by the fact that astrocytes efficiently secrete cholesterol through apolipoprotein (apo)E-rich lipoproteins \[[@r37]\]. ApoE is required for the lipoprotein endocytosis mediated by LDLr family members. Notably, the expression of LDLr family members is particularly relevant in neurons \[[@r36]\]. In addition to LDLr, ATP-binding cassette (ABC) transporters play a prominent function for cholesterol delivery from astrocytes to neurons. Indeed, ABCA1 is particularly expressed in astrocytes, and is involved in the transfer of intracellular cholesterol to the extracellular lipid-free apoA1 and apoE \[[@r38]\].

Cholesterol plays pivotal functions in CNS physiology \[[@r39]\]. It carries out structural roles in cellular membranes, as it modulates their fluidity and thickness, \[[@r40]\] and provides axonal electrical insulation for the conduction of rapid saltatory impulse \[[@r41]\] by restricting ion leakage through cholesterol-rich myelin membranes \[[@r42]\]. Furthermore, cholesterol is crucial for synapse formation, as it increases the number of synapses by enhancing their stability \[[@r32]\]. Different reports indicated that the biogenesis of organelles and structures belonging to the synaptic terminals requires a high cholesterol content. Indeed, synaptic vesicle membranes possess a relevant amount of cholesterol compared to other intracellular organelles \[[@r43]\], supporting the hypothesis that synaptic vesicle biogenesis depends on high cholesterol levels \[[@r36]\]. The remarkable need of cholesterol for vesicle membranes seems to be fundamental for maintaining a proper vesicle curvature and for the assembly of vesicle-specific proteins and lipids \[[@r44]\]. For instance, intracellular cholesterol levels are essential for the interaction between synaptobrevin and synaptophysin and, as a consequence, for the release of synaptic vesicles \[[@r45]\]. Experimental evidence has demonstrated that cholesterol is not only crucial in presynaptic terminals, but also for postsynaptic functions. For instance, a number of neurotransmitter receptors and other postsynaptic components are closely associated to cholesterol-rich lipid rafts, suggesting that an optimal cholesterol concentration is imperative for the structural and the functional organization of post-synaptic terminals \[[@r36]\]. Both reduction and enrichment of cholesterol hamper the activity of gamma aminobutyric acid A (GABAA) receptor \[[@r46]\]. Similarly, cholesterol depletion in hippocampal neurons destabilizes surface alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors and leads to progressive loss of dendritic spines and synapses \[[@r47]\]. The relevance of cholesterol in brain processes is reinforced by a growing body of clinical studies showing that alterations in cholesterol homoeostasis are associated to several brain pathological descriptions in the CNS, such as Alzheimer's and Niemann-Pick type C disease \[[@r32],[@r48],[@r49]\]. More recently, independent research groups highlighted that cholesterol metabolism is impaired in brains and other tissues from mouse models of Rett syndrome (RTT), one of the most severe autism spectrum disorders \[[@r50]-[@r52]\]. Interestingly, other studies confirmed that perturbations in cholesterol homeostasis are also present in RTT patients \[[@r53]-[@r55]\].

2.2. Coenzyme Q, Prenylated Proteins and Dolichol {#sec2.2}
-------------------------------------------------

Besides cholesterol, other MVA end-products play essential roles in the brain. For instance, isoprenoids constitute the side chain of coenzyme Q (CoQ) \[[@r56]\], which assures ATP production in all mammalian cells including neurons. In mitochondria, CoQ is responsible for the electron transport during the oxidative phosphorylation. CoQ also preserves brain cells from central neurotoxic damages, acting as a powerful anti-oxidant and neuroprotective compound \[[@r57]\]. In addition, clinical evidence indicates that CoQ~10~ deficiency often results in neuropathological conditions, such as cerebellar ataxia, encephalomyopathy and multiple system atrophy \[[@r58]-[@r61]\].

Isoprenoids are also required for the post-translational modification of small GTPases. Protein prenylation consists in the covalent binding of farnesyl pyrophosphate (FPP) or geranylgeranyl pyrophosphate (GGPP) moieties to proteins. The attachment of a prenyl group is an essential prerequisite for the regulation of protein localization on cell membranes and, in turn, for key signaling cascades \[[@r62]\]. Ras is associated to a plethora of signal transduction pathways involved in the control of cell proliferation, morphology and gene transcription. Numerous literature shows that Ras/MAPK/ERK axis orchestrates synaptic connectivity mechanisms, thus modulating processes related to learning and memory and, in turn, influencing behavioral responses \[[@r63]\]. Ras proteins seem to be particularly implicated also in neural stem cell proliferation \[[@r64]\] and differentiation \[[@r65]\]. Furthermore, mutational activation of the Ras proto-oncogene represents the cause of several neurodevelopmental disorders, including neurofibromatosis type 1, Costello syndrome, and Noonan syndrome \[[@r66]\].

Among Rho GTPases, RhoA has been involved in important neurobiological functions. This small GTPase integrates extracellular and intracellular signals to coordinate elegant and specific modulations in gene transcription and actin cytoskeleton remodeling, thus regulating neurite outgrowth and synaptic connectivity \[[@r67],[@r68]\]. Alterations in RhoA activity further sustain the essential role of this small GTPase in the brain. Indeed, RhoA dysfunctions have been associated to the establishment of mental retardation and psychiatric disorders \[[@r69]\]. In particular, KCTD13/Cul3/RhoA axis is essential for the control of brain size and synapse connectivity; this pathway infact results to be deeply deregulated in recurrent duplications and deletions of chromosome 16p11.2, which constitute a high risk factor for developing autism and schizophrenia \[[@r70]\]. Other research highlights that RhoA pathway is increased in neurological conditions such as Alzheimer's and Huntington's disease \[[@r71], [@r72]\], suggesting that a proper RhoA regulation is important for the homeostasis maintenance of brain functions.

Rab proteins are expressed in all eukaryotic cells and represent the greatest superfamily of small GTPases. Mammalian cells contain more than 50 Rab proteins, which are involved in the regulation of vesicle trafficking \[[@r73]\]. It is well known that, among Rab proteins, Rab3 carries out pivotal neurophysiological functions in neurotransmitter release at a late phase during the exocytosis of synaptic vesicles \[[@r74]\]. Once activated, Rab3 binds the synaptic vesicles through the prenyl moiety and forms complexes with effector proteins like rabphilin and RIM (Rab3-interacting molecule), thus promoting the recruitment and the docking of synaptic vesicles during Ca2+-induced exocytosis \[[@r73], [@r75]\]. Perturbations in Rab3 activity have been established in neuropathological conditions. For instance, alterations in Mss4 (mammalian suppressor of Sec4), a regulator of Rab3 activation, are strongly associated to deficits in neurotransmitter release and to the onset of neurodegenerative and psychological diseases in rodents such as depressive-like syndromes \[[@r76]-[@r78]\]. Notably, Rab3a interaction with rabphilin is abrogated by α-synuclein, representing a potential mechanism of impaired exocytosis and neurotransmitter release in Lewy´s Body diseases \[[@r79]\]. Mutations in the catalytic and non-catalytic domains of Rab3GAP, a Rab3 regulator, lead to Warburg-Micro syndrome and Martsolf syndrome, two inheritable forms of neurological diseases characterized by developmental abnormalities and intellectual disability \[[@r80], [@r81]\]. In addition, patients carrying mutations in GDI1 (Rab GDP-dissociator inhibitor) develop an x-linked non-specific mental retardation \[[@r82]\].

Even though few literature data are available, an interesting work demonstrated that a defect in dolichol metabolism is related to a novel syndrome of cerebellar ataxia \[[@r83]\], suggesting that also this MVA end-product could be implicated in brain development and function.

3. Statins in the brain: pharmacokinetic and pharmacodynamic aspects {#sec3}
====================================================================

It is now clear that brain processes can be directly influenced by statins, and few data reported that statin lactones and acids are able to cross the BBB. An interesting finding indicated that statins (simvastatin, lovastatin and pravastatin) can be detected in mouse cerebral cortex at 1, 3 and 6 hours following a single oral administration \[[@r84]\]. The detection levels of these compounds reflect their lipophilicity: simvastatin and lovastatin are administered as hydrophobic lactones that can readily cross the BBB; on the contrary, the acid form of pravastatin is highly hydrophilic, thus the permeability to the BBB is hindered. However, the capability of pravastatin (and other statins in the open acid form) to reach the CNS can be explained by active transport mechanisms. For instance, pravastatin was found to be a substrate for the organic anion transporter polypeptide 2 (OATP2) in the liver \[[@r85]\]. In addition, the acid forms of lovastatin, simvastatin and atorvastatin are also transported into cells by OATP2. Notably, OATP2 was found to be expressed at considerable levels in rat BBB and choroid plexus \[[@r86]\], suggesting this transporter as a pivotal player in the shuttling of acid statins from extra-cellular to intra-cellular compartments in the brain. Other evidence indicates that acid statins can also be transported by monocarboxylic acid transporters (MCT). MCT inhibition impairs the uptake of acid lovastatin in mesangial cells and MCT4 appears to be the most involved isoform in statin transport \[[@r87], [@r88]\]. MCT-mediated uptake of acid statins can be responsible for statin transport in the brain, as these transporters are expressed in neurons, astrocytes and BBB \[[@r89],[@r90]\].

After a single dose administration, statins can be detected at significant levels in the brain \[[@r84]\], thus producing inhibitory effects on MVA production. It was reported that HMGR inhibition by statins significantly decreases cholesterol biosynthesis in rodent brains \[[@r84], [@r91]\] and, more recently, two-dimensional gel electrophoresis approaches provided evidence that statins also lead to a significant reduction in protein prenylation in this organ \[[@r92]\]. From these observations, it is not surprising that clinically relevant doses of statins can induce important biological effects in the brain.

Several reports indicated that statins may alter synaptic transmission by modulating the function of neurotransmitter receptors. For instance, cholesterol depletion by simvastatin impairs serotonin 3 (5-HT3) receptor function in neuronal cell line N1E-115 \[[@r93]\]. In addition, chronic mevastatin administration causes a decrease in the specific ligand binding and G-protein coupling to serotonin 1A (5-HT~1A~) receptor, without modifying the expression levels of the receptor \[[@r94]\]. Similarly, simvastatin administration does not affect the expression of the subunit 1 of N-methyl-D-aspartate (NMDA) receptor (NMDAR1), but hampers the association of NMDAR1 to lipid rafts, and protects primary neurons from NMDA-induced toxicity \[[@r95]\]. The effects of statins on neurotransmitter receptors are mediated, at least in part, by statin-dependent cholesterol depletion from cholesterol-rich membrane domains: notably, cholesterol replenishment is able to restore the modulations caused by the pharmacological treatment.

Recently, it has been shown that statins regulate cognition and memory pathways through different mechanisms (Fig. **[2](#F2){ref-type="fig"}**). HMGR inhibition by simvastatin leads to the enhancement of the consolidation phase of the memory process in the passive avoidance test. At molecular level, simvastatin treatment induces a significant reduction in RhoA prenylation in selected brain regions (*i.e*. hippocampus and amygdala) involved in the modulation of emotional memory. The reduction in prenylated RhoA determines an increase in Akt phosphorylation, which in turn leads to cAMP responsive element binding protein 1 (CREB1) activation \[[@r62]\]. The contribution of RhoA/Akt/CREB1 axis in the regulation of long-term memory mediated by statins is further strengthened by another independent study, showing that simvastatin promotes the upregulation of memory- and learning-related genes c-Fos and Egr-1, whose transcription is downstream of CREB1 activation \[[@r96]\]. Other evidence sustains that statins activate Akt not only through the inhibition of RhoA geranylgeranylation, but also by blocking protein farnesylation. Experiments conducted on CA1 region of mouse hippocampus showed that simvastatin is able to enhance long-term potentiation (LTP) by increasing Akt phosphorylation. However, this event is abolished upon farnesyl pyrophosphate replenishment. Accordingly, the specific inhibition of farnesylation mimics statin-related Akt activation during the LTP induction phase \[[@r97]\]. Aside from the direct inhibition of MVA production, an interesting work elegantly demonstrated that statins also affect memory by MVA pathway-independent actions. Notably, statins serve as ligands for peroxisome proliferator activated receptor α (PPARα), and the subsequent activation of this nuclear receptor enhances CREB transcription, driving the expression of neurotrophic factors such as brain derived neurotrophic factor (BDNF) and Neurotrophin-3 (NT-3) \[[@r98]\]. Other potential cellular mechanisms which may explain the functional outcomes of statins in cognitive processes are the regulation of neuronal differentiation and adult neurogenesis. It is postulated that defects during neurogenesis can be responsible for the onset of cognitive alterations and emotional disturbances in psychiatric disorders, neurological diseases and traumatic brain injury. Statins protect hippocampal neurons from traumatic brain injury, and ameliorate spatial learning in rats tested for Morris Water Maze task. The improvement in cognitive functions is associated to a reduction of neuronal loss in the non-neurogenic area of hippocampal CA3 area, and to an increased neurogenesis in the neurogenic region of the dentate gyrus \[[@r99]\]. A more recent experimental work elucidated the molecular mechanism exerted by statins in the induction of adult neurogenesis, highlighting that statin-dependent inhibition of MVA pathway is able to modulate hippocampal neurogenesis through the suppression of isoprenoid biosynthesis and, in turn, by upregulating Wnt signaling \[[@r100]\]. Statins control adult neurogenesis at multiple levels (Fig. **[3](#F3){ref-type="fig"}**): this class of compounds not only enhance the proliferation rate of adult neural stem cells, but also induce their differentiation \[[@r101]\]. In this context, several lines of evidence demonstrate that statins are potent inducers of neurite and axonal outgrowth. An interesting work showed that, among 50.400 small molecules screened for their ability to drive axon outgrowth, statins resulted to be the most effective \[[@r102]\]. Similarly, other reports highlighted that statins strongly support neuritogenesis in diverse experimental models of neuronal differentiation. The molecular mechanism underlying the statin-dependent induction of neurite outgrowth relies in the inhibition of RhoA prenylation and in the activation of Akt signal transduction \[[@r68], [@r103], [@r104]\].

Among their pleiotropic effects in brain physiopathology, statins also act as powerful anti-inflammatory agents (Fig. **[4](#F4){ref-type="fig"}**). The repression of Ras and Rac prenylation mediated by statins blunt the upregulation of pro-inflammatory molecules such as interleukin (IL) 1β, IL-6, IL-8, and tumor necrosis factor alpha (TNF-α) in numerous neuroinflammatory conditions, thus reducing the activation of astrocytes and microglia \[[@r98], [@r105]-[@r110]\]. The inhibition of Rac activity by the lack of prenylation is also at the root of statin-induced protection from oxidative stress, a common feature of several neurodegenerative conditions \[[@r111]\]. In particular, Rac plays pivotal functions in the activation of NADPH oxidase (NOX) for the generation of reactive oxygen species (ROS). The role of Rac consists in escorting the cytosolic components p67^phox^, p47^phox^ and p40^phox^ to the NOX2/p22^phox^ complex, which is located on the membrane. Upon the interaction among these six proteins, NOX complex becomes active, and transfers an electron from NADPH to molecular oxygen producing superoxide \[[@r112]\]. Statins block Rac activity and effectively prevent the protein interaction and the formation of NOX complex, resulting in a decrease of ROS production (Fig. **[4](#F4){ref-type="fig"}**). The beneficial effect exerted by statins in oxidative stress conditions is now incontrovertible, and is clearly established in a plethora of neuropathological descriptions, ranging from ischemic brain injury to Alzheimer's disease \[[@r113]-[@r117]\].

4. Statins and neurological disorders {#sec4}
=====================================

The perturbation of cholesterol metabolism affects neural development and synaptogenesis, leading to synaptic dysfunction and, as a consequence, to disorders of nervous system \[[@r118]-[@r121]\]. Genetic syndromes often present a neurological component among their other symptoms. In some cases, this neurological phenotype may have an impairment of cholesterol balance as primary or secondary cause. For this reason, during the last decades the role of statins in the treatment of some genetic syndromes with neurological implication has attracted increasing interest.

4.1. Smith-Lemli-Opitz Syndrome {#sec4.1}
-------------------------------

Smith-Lemli-Opitz syndrome (SLOS, OMIM: 270400) is an autosomal recessive syndrome characterized by multiple developmental abnormalities, like distinctive facial features, limb malformations, microcephaly, cleft palate, polydactyly and holoprosencephaly, as well as severe intellectual impairment \[[@r122]\]. Its birth prevalence is estimated to be approximately 1:20,000 to 1:40,000 live births \[[@r123], [@r124]\]. It is caused by mutations in 7-dehydrocholesterol reductase (DHCR7), the final enzyme of the cholesterol biosynthetic pathway, resulting not only in abnormally low amounts of cholesterol but also in the accumulation of its precursors 7-dehydrocholesterol (7-DHC) and 8-dehydrocholesterol (8-DHC) in plasma and cells of the brain \[[@r125]\].

Considering that both cholesterol deficiency and the excess of 7-DHC and 8-DHC seem to contribute to the pathogenesis of this disorder \[[@r126]\], the therapeutic goal for its treatment aims to increase cholesterol production and/or deposit, and to reduce the accumulation of potentially toxic cholesterol precursors 7-DHC and 8-DHC. The currently used treatment is based on feeding affected individuals with a cholesterol-rich diet \[[@r122]\]. Several reports have described multiple benefits of this treatment such as improved growth, decreased irritability, reduction in self-injurious behavior and tactile defensiveness, and increased sociability \[[@r127]\]. Dietary cholesterol supplementation not only increases plasma cholesterol in most individuals with SLOS \[[@r126],[@r128],[@r129]\], but also decreases 7-DHC and 8-DHC levels *via* feedback inhibition of HMGR \[[@r129], [@r130]\]. Nevertheless, this treatment does not allow to normalize the levels of the precursors \[[@r131]\]. Moreover, the neurological phenotype associated to SLOS does not improve by increasing the level of plasma cholesterol because plasma lipoproteins (and the cholesterol carried therein) do not cross the BBB or enter in the CNS \[[@r132]\].

For this reason, simvastatin administration has been suggested as a promising therapeutic avenue to address CNS dysfunctions and, as a consequence, to reduce 7-DHC levels. SLOS fibroblast cell lines with residual DHCR7 enzymatic activity treated with simvastatin increased fractional cholesterol synthesis and decreased 7-DHC levels \[[@r133]\]. Additionally, treatment with simvastatin in mouse models Dhcr7 ^T93M/T93M^ and Dhcr7 ^T93M/Δ3-5^ showed decreased 7-DHC levels in both peripheral and brain tissues \[[@r134]\]. Furthermore, significantly reduced levels of the cholesterol precursors 7-DHC and 8-DHC were observed in 39 patients treated with cholesterol supplementation and simvastatin compared to a group who received only cholesterol supplementation. However, no anthropometric improvements were observed in the simvastatin-treated group \[[@r135]\]. Jira and collaborators revealed a rise in plasma cholesterol level and a decrease in the 7DHC/cholesterol ratio in two SLOS patients after long-term treatment with simvastatin \[[@r136]\]. Improvement in anthropometric measurements, including length, weight, and head circumference were also observed. Nonetheless, these observations were not reproduced in other studies \[[@r126],[@r135]\]. Overall, further studies are necessary in order to confirm these results and evaluate possible side effects of this treatment.

4.2. Fragile X Syndrome {#sec4.2}
-----------------------

Fragile X Syndrome (FXS, OMIM: 300624) is an X-linked disorder which represents the most common inherited cause of intellectual disability (ID) and autism with an estimated frequency of 1/4,000 in males and 1/8,000 in females \[[@r137]\]. The patients show typical dysmorphic features like macrocephaly, narrow face with prominent ears, macroorchidism, and hyperextensible joints \[[@r138]\], while the cognitive phenotype is characterized by moderate to severe ID in males \[[@r139]\]. In addition, FXS individuals exhibit psychiatric problems such as attention-deficit hyperactivity disorder (ADHD), anxiety, compulsive behavior and aggressiveness \[[@r140]\]. FXS is caused by a cytosine-guanine-guanine (CGG) trinucleotide repeat expansion at the 5'-UTR region of the FMR1 gene, associated with the methylation of its promoter \[[@r141]\]. Consequently, FMR1 transcription is repressed, giving to the absence or a reduced expression level of the FMR1 protein, FMRP (fragile X mental retardation protein). This RNA binding protein acts as a translational repressor at the synapses \[[@r142]\] and its absence results in the formation of several thin and undeveloped dendrites causing impaired synaptic plasticity along with an increased protein synthesis rate \[[@r143]\].

Interestingly, many of the proteins upregulated in FXS lie downstream of the excessive ERK-mediated protein synthesis \[[@r144]\]. Indeed, the involvement of ERK1/2 was studied in Fmr1 KO mice, revealing an increased ERK activity \[[@r145], [@r146]\]. Recently, Osterweil and collaborators reported that the inhibition of ERK1/2 phosphorylation by specific drugs restored protein synthesis activity and attenuated audiogenic seizures, two relevant pathological features of the Fmr1 KO mouse \[[@r147]\]. Thus, the inhibition of the ERK1/2 pathway seems to be a promising therapeutic target for FXS patients. For this reason, lovastatin has been proposed as a possible treatment. It reduces ERK signaling pathway by decreasing the farnesylation-dependent membrane recruitment and activation of its upstream component Ras \[[@r148]\], as well as by decreasing lipid rafts' cholesterol content, affecting membrane-dependent signaling interactions and dynamics \[[@r149]\]. Recently, it has been demonstrated that lovastatin can normalize the excessive protein synthesis and prevent mGluR-induced epileptogenesis in the Fmr1 KO hippocampus \[[@r150]\]. A similar effect was observed when lovastatin was administered to a mouse model of Neurofibromatosis \[[@r151]\]. These findings have stimulated human trials based on lovastatin treatment, and an open-label trial in children with FXS in Canada showed positive results \[[@r152]\]. This study suggests that lovastatin may have positive effects not only on behavioral symptoms but also on adaptive skills.

Until now, FXS patients are often treated with stimulants, anticonvulsants, antidepressants, selective serotonin reuptake inhibitors, alpha-receptor agonists, antipsychotics, and mood stabilizers \[[@r153]\]. As these treatments do not improve the progression of the disease and often cause important side effects, lovastatin may represent a new frontier in the treatment of FXS.

4.3. Rett Syndrome {#sec4.3}
------------------

Rett syndrome (RTT, OMIM: 312750) is an X-linked disorder characterized by progressive development of neurological and motor dysfunction. It affects almost exclusively females, with a frequency of approximately 1:10,000 live births \[[@r154]\]. After an apparent normal period of postnatal development, progressive neurological manifestations of disease occur, including loss of previously acquired speech and motor skills, stereotypic hand movements, difficulty walking, irregular breathing, and seizures \[[@r155]\]. Mutations in the X-linked gene, methyl CpG binding protein 2 (MeCP2), are the primary cause of RTT \[[@r156]\]. MeCP2 is involved in gene silencing through methylation-dependent remodeling of chromatin structure \[[@r157]\] and is able to repress gene transcription through the association with different co-repressors \[[@r154]\].

Recent findings demonstrated that cholesterol metabolism is perturbed in brains and livers of MeCP2-null male mice. Furthermore, statins (fluvastatin and lovastatin) have been reported to improve the systemic imbalance of lipid profile, ameliorate motor symptoms and confer increased longevity in MeCP2 mutant mice \[[@r50]\], suggesting that cholesterol homeostasis maintenance could be altered in RTT patients. A similar conclusion was reached by Segatto and collaborators, who showed that the protein network of cholesterol homeostasis maintenance is severely altered on plasma and cultured skin fibroblasts of RTT patients \[[@r54]\], providing an additional finding that highlights that cholesterol metabolism may be taken into account as a new therapeutic option for the treatment of RTT. However, a recent study revealed that lovastatin had no effect on motor performance and survival when the deletion of the MeCP2 allele is expressed on a different background strain, suggesting that the response to lovastatin is under the control of inherent genetic or other biological mechanisms specific to the effects of lovastatin on brain function \[[@r158]\]. Thus, the effectiveness of lovastatin in RTT may be limited to those patients who reproduce alterations in cholesterol homeostasis similar to those described in mice responding to statins \[[@r50]\]. In this context, additional studies are needed in order to clarify the results obtained and to elucidate the potential role that statins can play in the treatment of RTT pathology.

4.4. Autism and Epilepsy {#sec4.4}
------------------------

Autism is one of the prevalent developmental disorders characterized by impaired language and communication, social relationship problems, and by restricted, repetitive and stereotyped behaviors and interests \[[@r159],[@r160]\]. As the presence of an active neuroinflammatory process in the brain of autistic patients plays a role in the pathogenesis of the disorder \[[@r161]\], it may represent a target for therapeutic interventions. Increases in plasma levels of the pro-inflammatory cytokines IL-1β, IL-6, and IL-8 in the autism spectrum group have been reported \[[@r162]\]. For this reason, it seems reasonable to hypothesize that statins may play a role in the treatment of autism because of their anti-inflammatory activities. It has also been described that lovastatin reduces the mRNA expression of IL-1β, IL-6 and TNF-α in epileptic animals \[[@r105]\]. Moreover, other studies have suggested that statins can decrease seizure activity \[[@r163]-[@r165]\]. On the contrary, others have reported no effect \[[@r166]\] or an intensification of seizures \[[@r167]\].

Considering these findings and the high comorbidity between autism and epilepsy \[[@r168],[@r169]\], it seems worthwhile to conduct additional experimental studies to evaluate the real feasibility of this possible novel treatment.

5. Statins and neurodegenerative diseases {#sec5}
=========================================

As described above, statins are able to modulate a plethora of neuronal processes ranging from synaptic transmission to neuroinflammation. Since misbalances in these processes have been strongly associated to the pathogenesis of several brain diseases, it has seemed reasonable to consider statin treatment as a putative new therapeutic option for counteracting neurodegenerative disorders. In this section, we summarize the current knowledge about the neuroprotective action of this class of pharmacological compounds in the prevention and treatment of Alzheimer's, Parkinson's and Huntington's diseases.

5.1. Alzheimer's Disease {#sec5.1}
------------------------

Alzheimer's disease (AD), the most common form of dementia responsible for the cognitive impairment of 26.6 million people worldwide, is characterized by progressive neurodegeneration, particularly affecting cortical and hippocampal brain regions \[[@r170], [@r171]\]. AD brain is hallmarked microscopically by the combined presence of two types of abnormal structures, described over a century ago by Alois Alzheimer \[[@r172]\]. These include extracellular senile plaques composed of Amyloid β (Aβ) peptide and intraneuronal neurofibrillary tangles (NFTs) composed of hyperphosphorylated Tau protein. Impairment of cognitive and memory functions is associated with Aβ accumulation, inflammation, increased oxidative stress and lipid dysmetabolism \[[@r170]\].

Alteration in cholesterol/isoprenoid metabolism is considered one of the causative factors of the disease, there is indeed considerable attention being given to the association of AD and cholesterol homeostasis, particularly to the lipoprotein APOE, required for cholesterol transport \[[@r173]\]. Notably, the apoE4 allele of the APOE gene (APOE ε4), has been associated with elevated cholesterol levels and with increased risk of AD, having been established unequivocally as the most important susceptibility gene for Late Onset AD (LOAD) \[[@r174]\]. It has now been demonstrated that ApoE lipoproteins, besides binding to several cell-surface receptors to deliver lipids, also associate to hydrophobic peptide Aβ promoting its aggregation or decreasing the clearance of senile plaques \[[@r2]\]. These events are thought to initiate toxic pathways that lead to synaptic dysfunction and neurodegeneration in AD \[[@r175]\]. Neuropathological examination in LOAD suggests that APOE ε4 allele dosage is associated with increased Aβ, Aβ oligomers, and plaque accumulation in the brain \[[@r176]-[@r178]\] and that APOE receptors play an important role in modulating amyloid precursor protein (APP) trafficking and Aβ production \[[@r179]\].

Furthermore, it is worth to mention that emerging evidence indicates that isoprenoids/protein prenylation and small GTPases affect multiple aspects of AD, which may imply that prenylated proteins play important roles in the pathogenesis and in the development of the disease \[[@r180]\]. According to this observation, it has been demonstrated that statin-induced depletion of isoprenoids leads to reduced levels of protein prenylation and promotes non-amyloidogenic processing of APP and reduces the production of Aβ \[[@r92], [@r181]-[@r183]\]. Based on this evidence it seems reasonable and interesting to propose statins as neuroprotective agents in the prevention and treatment of AD. Studies on patients \[[@r184]\] and on animal models have shown that simvastatin or pravastatin reduce the levels of Aβ both in cerebrospinal fluid (CSF) and brain \[[@r185]\]. Atorvastatin has been proven to reduce Aβ through the reduction of amyloid precursor protein (APP) \[[@r186], [@r187]\], β-secretase (BACE1) \[[@r188]\] and oxidative stress in preclinical models of AD \[[@r113]\]. Furthermore, lovastatin decreases the production of components of senile plaques \[[@r189]\] and protects neurons in an induced Aβ-toxicity experimental model by reducing GSK-3β activity and enhancing Wnt signaling \[[@r190]\]. In a transgenic mouse model harboring a mutation for APP (APP-Tg model), atorvastatin and pitavastatin have been shown to exert neuroprotective action against neuroinflammatory cytokines (IL-1β, IL-6, TNF-α), reduce senile plaques and tau phosphorylation, and improve cognitive function \[[@r187]\]. The same group demonstrated that these statins prevent memory impairment and oxidative stress through the reduction of superoxide anion production occurring after intracerebroventricular injection of Aβ in an induced Aβ-toxicity preclinical model \[[@r191]\]. In the same model, simvastatin treatment improves cerebrovascular function and reduces glial activation as well as the number of Aβ plaque-associated dystrophic neurites \[[@r192]\]. Noteworthy, in AD patients, simvastatin stimulates the non-amyloidogenic pathway of APP \[[@r188]\] by increasing α-secretase activity \[[@r193]\]. Evidence suggests that the treatment with cholesterol-lowering drugs may have potential therapeutic benefit in AD in view of their effect on APOE4 carriers, for example treatment with simvastatin has been shown to reduce plasma levels of APOE \[[@r189],[@r194]\]. Another study suggested that statin use might have a slightly stronger protective association for people who carry at least one APOE4 allele \[[@r195]\]. Likewise, one trial on AD patients suggested that atorvastatin might help preserve cognitive function for carriers of at least one APOE4 allele \[[@r196], [@r197]\]. Conversely, speaking of statins' effects on brain health for APOE4 we also need to mention at least three observational studies reporting that APOE genotype had no effect on the relationship between statin use and dementia \[[@r197]-[@r199]\].

Although a plethora of preclinical and clinical studies suggest an overall neuroprotective effect, other evidence indicates inefficacy or detrimental roles of statin administration in AD \[[@r200]\]. For example, lovastatin and mevastatin alter microtubule system by increasing Tau phosphorylation and inducing axonal degeneration linked to the lack of cholesterol in cultured neurons \[[@r201]\]. In a human neuroblastoma cell line (SH-SY5Y) with induced Aβ toxicity, lovastatin increases ROS production, inhibition of the proteasome activity, microglia activation and TNF-α upregulation \[[@r200], [@r202]\]. Furthermore mitochondrial apoptotic pathway is induced in a time and dose-dependent manner, and is caused by the reduction of MVA after treatment with the same statin \[[@r203]\].

These conflicting results may be associated to divergences in the experimental design. Indeed, several variables can induce diverse outcomes, such as statin dose and timing of administration, statin lipophilicity, and age of the individuals enrolled in the clinical studies. Moreover, difference in the rate of basal cholesterol metabolism among the experimental models and human patients, as well as statin catabolism and their interaction with xenobiotic compounds may account for the ambiguous data present in literature \[[@r200]\].

5.2. Parkinson's Disease {#sec5.2}
------------------------

Parkinson disease (PD) is the second most common neurodegenerative disease after AD, characterized by classical motor and non-motor symptoms. Motor manifestations include bradykinesia, muscle rigidity, resting tremor, postural instability and gait disturbances, while non-motor symptoms may include depression, olfactory dysfunction, sleep disorders, psychiatric symptoms, pain, and cognitive impairment \[[@r204], [@r205]\]. The deterioration of motor functions observed in PD patients is predominantly attributable to the degeneration of dopaminergic neurons in the substantia nigra, showing that the nigrostriatal circuit is involved in neurodegeneration \[[@r206]\]. At cellular level, neuronal loss is accompanied by neurite degeneration and the presence of cytoplasmic inclusions known as Lewy bodies, involving α-synuclein aggregation \[[@r205]\].

During the last few years, different genes have been associated with the familiar form of PD, with altered mitochondrial homeostasis as one of the culprits of the pathology \[[@r207]\]. Indeed the disease-associated mutated genes, such as α-synuclein, DJ-1, PINK, parkin, and dominant mutations in LRRK2 are directly or indirectly associated with mitochondrial dysfunction in PD \[[@r208], [@r209]\]. Studies revealed that cell dysfunction in PD also involves biochemical factors, such as free radicals, mitochondrial dysfunction, excitotoxicity, inflammation and autophagy.

There is growing evidence that autophagic processes play important roles in neuronal degeneration and participate to regulated forms of cell death, particularly in large cells such as the dopaminergic neurons of substantia nigra \[[@r210], [@r211]\]. Autophagy is involved in the intracellular turnover of proteins and cell organelles and has an important role in regulating cell fate in response to stress \[[@r211], [@r212]\].

The dysregulation of the autophagic pathway in the brains of animal models and PD patients suggests a pivotal role for autophagy in the pathogenesis of the disease \[[@r213]\]. Notably, in PD, the autophagic pathway participates in the degradation of α-synuclein, as well as in the turnover of damaged mitochondria, a hallmark of the disease \[[@r210]\]. As a consequence of mitochondrial dysmetabolism, a striking increase of related-oxidative stress has been proven to occur.

Statins demonstrated neuroprotective effects through different mechanisms including anti-inflammatory actions, apoptosis regulation, and mitigation of oxidative damage \[[@r214]\]. Furthermore, statins can also show cytoprotective effects through the modulation of autophagy. Kang and collaborators (2016) hypothesized that statins may decrease rotenone-induced neurotoxicity in SH-SY5Y cells, an *in vitro* model of PD, by modulating the autophagy signaling pathway. In this study, the authors demonstrated that statin treatment up-regulates autophagic markers including Beclin-1 and AMP-activated protein kinase (AMPK). Specifically, treatment of SH-SY5Y with rotenone increased mTOR expression, while decreased Beclin-1 and AMPK levels, with consequent suppression of the autophagic mechanism. The co-administration of rosuvastatin restored the levels of autophagic markers, significantly increasing Beclin-1 and AMPK expression and decreasing mTOR levels. This study suggests that the mechanism of statin-mediated neuroprotection is associated with an increased autophagy. Thus, the neuroprotective effect of statins *via* autophagy modulation may provide a new therapeutic strategy for the treatment of PD \[[@r215]\].

Despite mounting observations in support of a protective role of statin treatment in various models of PD, some essential issues remain unsolved. Concerning PD clinical treatment with statins, a controversial scenario has been revealed. A 12-year follow-up of PD cases (338 women and 306 men) found that regular use of statins was associated with a modest reduction in PD risk \[[@r216]\]. A meta-analyses study demonstrated that all statins showed a non-significant inverse association with the risk of PD, except for pravastatin \[[@r206]\]. This effect is probably due to the weakly lipophilic properties of pravastatin resulting in its difficulty to cross the BBB \[[@r217]\]. Notably, atorvastatin, followed by simvastatin, being the most lipophilic, shows significantly larger protective effects \[[@r218], [@r219]\]. Wolozin and collaborators (2007), using a database (US Veterans Affairs database) containing diagnostic, medication and demographic information on 4.5 million subjects, compared the action of three statins (lovastatin, simvastatin and atorvastatin) to investigate whether some of these compounds might be associated with a reduction in the incidence of dementia and PD. Simvastatin was associated with a strong reduced incidence of both dementia and PD, while atorvastatin treatment led to a modest reduction in incidence of dementia and PD. Importantly, results were significant when age was included as a covariate, but not-significant when other comorbid diseases were included as covariates. Conversely, lovastatin was not associated with a reduction in the incidence of dementia \[[@r220]\]. Interestingly, a prospective study showed that statin use may be related to a higher risk of PD, whereas higher total cholesterol level may be associated with lower risk \[[@r221]\]. These findings are inconsistent with the results of many other studies, which indicate that statins protect against PD, as previously described. It is worth to mention that since HMGR is involved in the synthesis of CoQ10, the use of statins could result in a reduction of the serum coenzyme concentration. Given the role of CoQ as an essential carrier in the mitochondrial respiratory chain, its decrease could affect mitochondrial homeostasis increasing the risk of PD \[[@r216]\].

In conclusion, the current literature indicates that the relationship between statins and PD is not straightforward, and further research needs to be conducted in order to univocally validate the potential role of these drugs in PD therapy.

5.3. Huntington's Disease {#sec5.3}
-------------------------

Hungtington's disease (HD) is an inherited, autosomal dominant neurodegenerative disorder characterized by motor and psychiatric disturbances, as well as dementia. It is caused by a CAG repeat expansion in the gene coding for huntingtin (HTT). The possibility that changes in brain cholesterol homeostasis occur in HD has been suggested over the past several years \[[@r222]\]. Indeed, in HD patients and mouse models of HD, growing evidence has demonstrated early and long-lasting alterations in the cholesterol biosynthesis \[[@r223]\].

Whereas some studies on preclinical models show significant downregulation of cholesterol in the HD brain \[[@r224]-[@r226]\], there are others that, in spite of presenting progressive reduction of brain cholesterol biosynthesis, demonstrate constant steady-state levels of total cholesterol, suggesting compensatory mechanisms \[[@r227]\]. Conversely, other groups proposed that the accumulation of cholesterol in HD brain can result in neurotoxicity \[[@r228], [@r229]\]. According to this evidence, it was recently shown that in HD the decreased cholesterol synthesis is caused by altered cholesterol homeostasis and the dysregulation of cholesterol clearance is due to deficient expression of CYP46A1, the rate limiting enzyme for cholesterol degradation \[[@r223], [@r230]\].

The finding that cholesterol perturbations are involved in HD pathogenesis, led to the hypothesis that a pharmacological intervention on sterol metabolism could, at least in part, ameliorate the symptomatology of the disease. For example, the supplementation of CoQ, a compound synthetized from intermediary metabolites of MVA pathway, is being examined as a HD therapy \[[@r2], [@r231]\]. A surprising discovery was that simvastatin, a drug typically used to reduce cholesterol, also improved the synaptic phenotype in the R6/2 strain, a transgenic mouse model of HD \[[@r223]\]. Some studies postulate that cholesterol is accumulated in HD cell membranes \[[@r228]\], and simvastatin could enhance mobilization, redistribution, and/or efflux of accumulated cholesterol \[[@r232]\]. Moreover simvastatin has been also shown to increase membrane fluidity, exert anti-inflammatory effects, and promote BDNF production. This latter effect is important because BDNF reduces the enhanced spontaneous inhibitory postsynaptic currents (sIPSCs) observed in R6/2 mice \[[@r223]\]. In addition, there is evidence demonstrating that simvastatin can have neuroprotective effects in cell cultures expressing mutant huntingtin, which is in turn involved in the accumulation of cholesterol. As a matter of fact, the treatment with simvastatin reduces the content of ordered domains at the cell surface thus protecting cells against NMDA-mediated excitotoxicity \[[@r229]\].

6. Statins and brain tumors {#sec6}
===========================

Since early 90s, conflicting results have been reported about the role of statins in cancer prevention and treatment. From a biological point of view, statins are able to interfere in different processes of cancer cells, like progression through the cell cycle, resistance to apoptosis, angiogenesis and many others (for extensive review see Hindler *et al*., 2006) \[[@r233]\]. Indeed, MVA pathway blockade by statins leads to the down-regulation of several end-products, including cholesterol, dolichol, GGPP and FPP. Cancer cells are strongly dependent on cholesterol levels because of their high request for the neo-formation of membranes during rapid mitosis. *De novo* DNA synthesis, a key process for cell proliferation, is strongly dependent on the activity of dolichol-linked glycoproteins \[[@r234]\]. Furthermore, the relative abundance of GGPP and FPP could influence Ras activation and its anchoring to cell membranes, modulating pivotal cellular pathways (*i.e*. Akt, ERK) involved in proliferation and apoptosis. Several studies pointed out a positive effect of statins in preventing and treating different type of tumors such as breast cancer \[[@r235]\], prostate cancer \[[@r236]\], colorectal cancer \[[@r237]\], leukemia \[[@r238]\] and others \[[@r239]-[@r241]\]. Noteworthy, it has been demonstrated that statins could represent a therapeutic strategy for the treatment of Brain Cancers (BCs), alone or in combination with other chemotherapies. BCs, generally classified in gliomas and neuroblastoma, are usually characterized by poor prognosis and overall worsened survival. For instance, epidemiological data reveals that only 3% of glioma patients survives after 5 years since diagnosis \[[@r242]\]. Common therapies for BCs (chemo- or radio-therapy) are unable to improve this outcome, thus, alternative strategies are needed.

Glioma represents a large group of common brain tumors that comprises glioblastoma and astrocytoma \[[@r243]\]. Preclinical data assess that statins are able to strongly inhibit glioma growth and development through multiple mechanisms of action (Fig. **[5](#F5){ref-type="fig"}**). Indeed, it has been demonstrated that C6 cell line treated with simvastatin undergoes proliferation arrest and apoptosis induction *via* JNK-dependent phosphorylation of ATF-2 and c-jun \[[@r244]\]. Similar results were obtained by another group, which analyzed the effect of three different statins (mevastatin, fluvastatin and simvastatin) on C6 and U251MG cells. They found that statins, in particular fluvastatin, decrease the synthesis of geranylgeranyl pyrophosphate, a pivotal membrane-anchoring molecule of Ras protein. This led to the suppression of ERK1/2, Akt phosphorylation, and induction of apoptosis \[[@r245]\]. Statin-induced apoptosis in cancer cells can be also mediated by the enhanced expression of proapoptotic protein Bim, as observable in U87 and U251 glioblastoma cell lines \[[@r246]\]. A recent research demonstrated that atorvastatin inhibits proliferation and migration, and induces apoptosis in *in vitro* models of glioma (A172 cells) \[[@r247]\]. In addition, pitavastatin potentiates anti-tumor effects of low-dose irinotecan, a topoisomerase inhibitor, in glioblastoma cell lines. This effect is mediated by the inhibition of the multi-drug resistance protein (MDR-1), which is overexpressed in glioblastoma and is partly responsible for the resistance to chemotherapy \[[@r248]\]. Together with promising data in *in vitro* glioma models, statins have also shown to block cancer progression in murine models of brain tumors. For instance, simvastatin is able to reduce glioma cell growth into nude mice by its ability to inhibit MVA production \[[@r249]\]. Moreover, pitavastatin significantly reduced tumor size and tumor weight in a xenograft mouse model of glioblastoma multiforme \[[@r248]\]. Despite preclinical data strongly suggest a positive role of statins in the treatment of BCs, there is still lack of definitive evidence about their clinical utility, as different clinical studies with conflicting results were published. Larner and colleagues (1998) tested, for the first time, lovastatin as a potential drug against glioma in a phase II trial on 18 patients with either anaplastic glioma or glioblastoma multiforme. Patients entered into the clinical trial served for testing the safety of high-dose lovastatin with or without radiation. They demonstrated that lovastatin was well tolerated, but no significant inhibition of tumor progression was reported \[[@r250]\]. On the contrary, a case-control study about the correlation between statin administration and risk of glioma indicated a positive effect of statins on tumor incidence. 517 glioma patients and 400 controls were recruited and matched for age, ethnicity and education level. These two groups were stratified based on the time of statins use (\<6 months, 7-24 months, 25-60 months, 60-120 months and \>120 months). Simvastatin and lovastatin administration for more than 6 months showed a significant inverse correlation with risk of glioma, with an Odd Ratio (OR) of 0.49 and 0.47 respectively, and 95% Confidence Interval (CI) of 0.30-0.81 and 0.24-0.93, respectively. Furthermore, a significant inverse trend between duration of statin treatment and glioma risk was highlighted \[[@r251]\]. A nationwide population-based case--control study utilizing national registry data was conducted in Denmark to investigate the association between statin treatment and glioma incidence. This study compared 2656 cases of glioma and 18480 controls matched for age, diabetes, use of aspirin, selective Cox2 inhibitors, non-aspirin non-steroidal anti-inflammatory drugs and hormone replacement therapies. Notably, a significant inverse correlation between long-term statin therapy and risk of glioma was found in both men \< 60 years old (OR = 0.40; 95% CI: 0.17--0.91) and \> 60 years old (OR = 0.71; 95% CI: 0.49--1.03) and in women \< 60 years old (OR = 0.28; 95% CI: 0.06--1.25). However, the statistical significance was only achieved with the use of lipophilic statins (OR = 0.69; 95% CI: 0.38--1.25), and not with the hydrophilic ones: the discrepancy probably reflects the hydrophobic properties of these compounds and, in turn, their capability to cross the BBB. Interestingly, long-term statin administration also reduced the risk of glioblastoma multiforme, the most common and highly aggressive type of glioma, by 21% \[[@r252]\]. Differently, a retrospective analysis of the follow-up of 284 glioblastoma multiforme patients indicated that the preoperative use of statins did not show any impact on progression free survival and overall survival of glioblastoma multiforme patients. Nevertheless, the authors of this study underlined some biases of their analysis, such as the small cohort analyzed, uncertainty about the effective dose, regularity of drug assumption and others \[[@r253]\]. The incoherent clinical results available in literature suggest the need of additional studies to assess the effective clinical relevance of statins in preventing and/or treating glioma.

Neuroblastoma represents the most common solid tumor diagnosed in the first year of life. To date, only preclinical data about the effectiveness of statins in neuroblastoma treatment are available. Experimental data proved the efficacy of a wide concentration range (0-100 μM) of lovastatin in different neuroblastoma cell lines (SK-NSH, NUB-7, SMS-MSN, NBL-S, LAN-5, IMR-32, and GOTO), assessing their sensitivity to this drug. Lovastatin shows anti-tumor properties also in SH-SY5Y cells, a well-established *in vitro* model of neuroblastoma. In particular, lovastatin treatment leads to apoptosis through mitochondrial pathway \[[@r203]\]. Interestingly, simvastatin exerts anti-apoptotic effect on SH-SY5Y cells by stimulating Bcl-2 protein expression. The anti-apoptotic effect of simvastatin is independent from MVA pathway inhibition, but it is likely due to the stimulation of Endothelin-1 and Nuclear Factor of Activated T-cells 3 (NFATc3) \[[@r254]\]. Different dosage and diverse mechanism of action of the two statins could explain the opposite effect on the same cell line.

Data available in literature are still far from to definitely establish the real benefits of statins in the clinical treatment of BCs. Even though the majority of preclinical evidence sustains a beneficial role for statin treatment, there are still contrasting results about their efficacy in patients affected by BCs. For these reasons, further researches will be useful in order to fully understand the putative mechanisms of action of different statins in cancer cells. Moreover, additional clinical studies, both retrospective and prospective, could shed more light about the efficacy of statins in BCs.

7. Statins in mood and mental disorders {#sec7}
=======================================

Several reports hint for a role of statins in the modulation of mood and affection. However, a direct correlation between these drugs and the onset of mood disturbances is still controversial. Indeed, MVA pathway end-products and lipoprotein levels seem to be associated with mood disorders, but statin efficacy, as well as the molecular mechanisms underlying their pleiotropic actions are not completely clarified.

7.1. Anxiety {#sec7.1}
------------

A number of experimental groups independently demonstrated important roles for statins in anxiety behaviors. Chronic statin treatment (10 mg/kg atorvastatin; 10 mg/kg simvastatin; 30 mg/kg pravastatin) induces anxiolytic-like effects in rats tested in the open-field task (OF) \[[@r255], [@r256]\]. Statin-mediated behavioral changes are related, at least in part, to the modulation of NMDA receptors in different brain regions and by the release of striatal dopamine \[[@r255]\]. Cruz and colleagues assessed an interesting adjuvant effect of classical music on anxiolytic outcomes caused by simvastatin (10 mg/kg) in rats tested in Elevated Plus-Maze (EPM) and OF tasks \[[@r257]\]. Other research corroborates the previous findings, highlighting anxiolytic and antidepressant effects upon simvastatin administration in rats exposed to both standard diet (SD) and long-term high fat diet (HFD). HFD rats show increased anxiety and immobility, accompanied by morphological alterations, such as a reduction in the number of hippocampal pyramidal neurons. Importantly, simvastatin chronic administration determines anxiolytic activity during the EPM test and a normalization of anxiogenic effects induced by HFD \[[@r258], [@r259]\].

On the contrary, different effects were observed in guinea pigs who had undergone low dose statin treatment. In this preclinical model, simvastatin (1 mg/kg) and atorvastatin (0.5 mg/kg) do not show any effect on spatial memory and learning, but significantly increased anxiety \[[@r260]\]. Similarly, rats chronically treated with low dose of simvastatin (1,5 mg/kg) are less engaged in the active social investigation in the social interaction (SI) test, indicating the onset of anxiogenic behaviors following statin treatment. The effects are associated with a specific unbalance of Rab3 active fraction in the hippocampus and prefrontal cortex, two brain regions deeply involved in the modulation of emotional and anxiety processes \[[@r62]\].

The discrepancy among these preclinical data can be due not only to the different statin dosage used in each experimental design, but also to the different behavioral test used to estimate anxiety-like states. Even though both the EPM and the SI tests are two validated tasks to assess anxiety-like behaviors in rodents \[[@r261]-[@r263]\], they are used to evoke different anxiety states in laboratory rodents \[[@r264], [@r265]\]. The activation of diverse neurosignaling pathways may be at the root of this divergence \[[@r266]-[@r268]\], and could explain the different sensitivity to statin treatment in dependence on the test taken into consideration. Notably, the EPM test is able to induce a state of generalized anxiety in rodents, since it triggers an approach/avoidance conflict based on the motivation to explore the environment and an unconditioned fear of novel situations \[[@r268]\]. Instead, in the SI test, the considered parameter is represented by the time spent in active social interaction between a pair of rodents, and one animal influences the behavior of the other one \[[@r269]\]. In this context, statin treatment seems to decrease behaviors induced by generalized anxiety, whereas it is able to elicit social anxiety.

The use of statin as modulators of anxiety appears interesting also when anxiety status is a secondary symptom of another pathology. Chronic fatigue stress (CFS) is associated with mood disorders as anxiety and depression \[[@r270]\] and metabolic stress is probably involved. Atorvastatin (10 and 20 mg/kg) and fluvastatin (5 and 10 mg/kg), show a significant improvement of behavior, biochemical and mitochondrial alterations observed in rats exposed to chronic running wheel \[[@r271]\].

Differently from preclinical models, clinical data fail to identify effects of statin treatment in the modulation of anxiety. A scientific report performed on children with familiar hypercholesterolemia showed that statin administration has no effect on anxiety \[[@r272]\]. A study based on eight Italian regions database, indicated that there is no significant correlation between statin use and psychiatric adverse drug reactions (ADR), even though a strength relationship is found between statins and insomnia \[[@r273]\]. Similarly, no associations were found between pravastatin treatment and the development of psychiatric disorders in a military population \[[@r274]\]. Finally, treatment with rosuvastatin in JUPITER (Justification for the Use of Statins in Prevention) trial demonstrated no correlations with adverse psychiatric events \[[@r275]\].

7.2. Depression {#sec7.2}
---------------

The relationship between statins and depression has been extensively investigated. However, published findings are controversial and far from being univocal.

It has been described that statins reduce the risk of development of *de novo* depression phase, after 10-year follow up period \[[@r276]\]. Consistently, another study based on the United Kingdom General Practice Research Database (GPRD) demonstrated that statin treatment decreases the risk of depression in depressed patients and patients with suicidal behavior. However, the authors speculate that statin anti-depressant activity could be related to an indirect effect of these drugs, as it can be related to an improvement in quality of life of patients suffering from cardiovascular diseases \[[@r277]\]. Data analysis obtained from the National Health Insurance Research Database (NHIRD) in Taiwan, highlighted increased depression symptoms in hyperlipidemic patients. Notably, these mood disturbances were attenuated after statin treatment during a 4-year follow-up \[[@r278]\]. In accordance, preclinical data suggest an anti-depressant effect of statin treatment during modified forced swimming test (MFST). In particular, simvastatin reduces the immobility time and augments the swimming time in SD and HFD rats \[[@r258]\].

The onset of depression symptoms can be also associated to a traumatic brain injury (TBI), becoming a chronic pathology following hippocampal injury events \[[@r279], [@r280]\]. Hippocampal injury in humans and preclinical animal models easily leads to the rise of neuroinflammatory markers, such as TNF-α \[[@r281], [@r282]\] whose activation pathway may be involved in the development of depressive disorders \[[@r283], [@r284]\]. Simvastatin administration in TBI rats for 3 consecutive days determined a reduction in TNF-α activation and a decrease in depressive-like behaviors \[[@r108]\]. The anti-depressive effects of statins (atorvastatin, simvastatin and pravastatin) were also observed in WAG/Rij rats, a valuable animal model to study absence-type epilepsy, epileptogenesis and low-grade depression \[[@r256]\].

The molecular mechanism by which statins attenuate depressive symptoms could be related to the modulation of serotonergic pathway. Indeed, it is suggested that simvastatin counteracts depression by increasing tryptophan levels (and in turn serotonin) through the inhibition of indoleamine 2,3-dioxygenase (IDO) \[[@r285]\].

Despite these data, negative effects of statins in the treatment of depression have been described. In 1992, Leichleitner and collaborators reported the first case of depressive symptoms associated with paravastin treatment in four hypercholesterolemic patients \[[@r286]\]. Morales and colleagues confirmed these findings demonstrating a relationship between simvastatin treatment and the enhancement of depressive symptoms \[[@r287]\]. Accordingly, simvastatin induced depression in a crossover randomized controlled trial (RCT) \[[@r288]\].

7.3. Schizophrenia {#sec7.3}
------------------

Scientific evidence sustains that people suffering from mental illnesses, like schizophrenia, are more susceptible to develop cardiovascular disease (CVD) \[[@r289], [@r290]\]. Thus, treatment with hypocholesterolemic drugs like statins attracts interest as a potential therapeutic option for the management of these brain disorders. Schizophrenia is a mood disorder with an unknown etiology characterized, among other features, by a prominent inflammatory component \[[@r291]-[@r293]\]. Statin treatment has been proposed as a putative pharmacological approach in Schizophrenia because of its incontrovertible anti-inflammatory effect. A preliminary randomized double-blind placebo-controlled study failed to demonstrate an amelioration in mania symptoms in patients with schizophrenia treated with lovastatin. However, the authors assessed that the pharmacological interactions, the duration of the study and the small cohort may limit the evaluation of potential statin effects in schizophrenia \[[@r294]\]. On the other hand, a study on a military population showed that the risk of developing schizophrenia symptoms is higher in non-persistent statin patients, compared with persistent users \[[@r295]\].

8. Statins and stroke {#sec8}
=====================

In addition to their well-documented role in preventing cardiovascular diseases, increasing evidence suggests statin administration as one of the major pharmacological approaches for the treatment and prevention of ischemic stroke (for extensive review, see Zhao *et al*., 2014) \[[@r296]\].

Several meta-analysis and clinical trials demonstrated that statins positively influence the outcomes in patients affected by stroke. Statin therapy, especially at stroke onset, is associated with consistent beneficial effects \[[@r297]-[@r299]\]. Indeed, statin treatment before and during ischemic stroke hospitalization is predictive of improved life expectancy, whereas its discontinuation is associated with a significant poor prognosis \[[@r300]\]. In Long-term Intervention with Pravastatin in Ischaemic Disease (LIPID) study, the incidence of stroke was significantly lower (19% reduction in risk) in patients who received pravastatin \[[@r301]\]. The randomized-controlled Myocardial Ischemia Reduction with Aggressive Cholesterol Lowering (MIRACL) trial indicated that atorvastatin was effective in reducing stroke by 50%, as only 12 events were observed in the atorvastatin group if compared to 24 cases in the placebo group \[[@r302]\]. Furthermore, a meta-analysis of 13 trials based on statin administration highlighted a decrease in the relative risk for stroke of 15% in primary prevention, and of 25% in secondary prevention. The relative risk reduction for stroke was comparable with simvastatin and pravastatin \[[@r303]\]. Interestingly, it was shown that both low and high statin doses are effective in ameliorating stroke severity in accordance with the NIH Stroke Scale score \[[@r304]\].

It is suggested that statins successfully counteract the incidence of stroke through cholesterol-independent mechanisms. Indeed, a number of reports failed to demonstrate protection from stroke with lipid-lowering drugs different from statins. It is postulated that a great part of pleiotropic statins' systemic effects on the vasculature can explain their outcomes in stroke, including improvement of endothelial function, anti-inflammatory activities, induction of angiogenesis, antioxidant properties and anti-thrombotic actions. Several lines of evidence suggest that statins ameliorate endothelial function during stroke by upregulating endothelial nitric oxide synthase (eNOS). Simvastatin treatment reduces infarct size, improves cerebral blood flow and stabilizes neurological function in a mouse model of stroke. Importantly, these effects are absent in eNOS-deficient mice \[[@r305]\]. Statin-induced modulation of eNOS depends, at least in part, on the inhibition of RhoA prenylation, which leads to the activation of PI3K/Akt/eNOS pathway and to the stabilization of eNOS mRNA \[[@r306], [@r307]\]. A recent study provides evidence for the contribution of neuronal nitric oxide synthase (nNOS) in neuronal apoptosis during stroke. Ischemia/reperfusion suppresses Akt/nNOS pathway, leading to the activation of JNK3 and induction of apoptosis. In this context, atorvastatin pre-treatment prevents the reduction in Akt phosphorylation mediated by ischemic damage and promotes survival in hippocampal neurons \[[@r308]\]. Statin-mediated neuroprotection in stroke may be also exerted by immunomodulatory actions. The release of Matrix MetalloProteinases (MMPs) by astrocytes and microglia are strongly linked to neuroinflammation and BBB disruption \[[@r309], [@r310]\]. Notably, both simvastatin and atorvastatin efficiently block MMP dysregulations induced by recombinant human tissue Plasminogen Activator (rht-PA) \[[@r311], [@r312]\]. It is well described that statins suppress the expression of inflammatory biomarkers such as c-rective protein, IL-1, IL-6, IL-12, TNF-α and Interferon gamma (IFN-γ) \[[@r296]\]. In addition, statins inhibit signaling pathways involved in ischemia-induced inflammation by acting on NF-kB transcription factor \[[@r313]\]. Similarly to neuroinflammation, ROS production is thought to participate to ischemic injury by disrupting the structure and/or function of proteins, lipid and nucleic acids. Statin treatment reduces the infarct volume following middle cerebral artery occlusion, and this event is accompanied by a significant decrease in NADPH oxidase-dependent superoxide production \[[@r314]\].

Despite the majority of literature data highlight the involvement of cholesterol-independent actions in the amelioration of stroke outcomes, recent data suggest that statins can be beneficial, at least in part, through their lipid-lowering properties. Indeed, a meta-analysis demonstrated that lower stroke incidence is positively correlated to cholesterol reduction, and that all lipid-lowering interventions are effective in decreasing stroke risk \[[@r315]\]. Even though the molecular mechanisms are not still well established, the role of statins in the prevention of ischemic stroke is well described, and some of them (*i.e*. atorvastatin) are currently used in the pharmacological management of ischemic cerebrovascular diseases \[[@r308]\]. Furthermore, an ongoing clinical trial is aimed at better defining the beneficial effect of statins on neurological protection in stroke (ASSORT, ClinicalTrials.gov identifier: NCT02549846).

Conclusion
==========

Statins represent an important class of medications commonly prescribed to reduce hypercholesterolemia. The biological activity of statins is achieved by their capability to inhibit HMGR, the key enzyme of MVA pathway. The effect of statins on MVA pathway inhibition has been extensively studied in the liver, where the major part of cholesterologenesis takes place. However, this pathway is ubiquitously activated in almost all eukaryotic cells, and numerous experimental evidences indicate that MVA inhibition by statins may lead to several pharmacological actions also in extra-hepatic tissues. In this context, MVA pathway end-products appear to be abundant in the CNS, and their maintenance at defined concentrations assures the proper functioning of a variety of neurobiological processes.

Several lines of evidence demonstrate that the production of MVA pathway end-products can be altered during different neuropathological states, suggesting that statin use may be useful as a new therapeutic avenue for the treatment of diverse neurological impairments. Clinical and preclinical research indicates that statins ameliorate the symptomatology of a number of brain pathologies, such as SLOS, FXS and autism-like disorders. Additional findings highlight statin efficacy in the treatment of brain tumors, as well as in the therapy of neurodegeneration, and mood disorders and stroke. Despite promising data, other studies failed to demonstrate a neuroprotective effect of statin administration, raising important questions about the concrete pharmacological efficacy of these drugs in counteracting brain pathologies. The discrepancy observed among different studies can be explained by several factors. For instance, preclinical experimental models could not adequately reproduce the human pathology. In other cases, statin dosage and administration route can differently affect the biosynthesis of MVA pathway end-products, thus leading to different biological responses. Concerning clinical studies, a variety of factors such as statin type, duration of the trial, sample size, population heterogeneity and genetic background can contribute to the collection of contrasting experimental outcomes observed in literature.

In conclusion, even though considerable research suggests important neuropharmacological effects exerted by statin administration, additional studies are required to better define the biological activity of statins in the brain, and support their clinical use in the treatment of different neuropathologies.
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![**The main steps of MVA pathway.** MVA pathway, also known as cholesterol/isoprenoid biosynthetic pathway, is a pivotal metabolic pathway expressed in all mammalian cells. It leads to the production of several end-products, required for the proper functioning of cell physiology. HMGR represents the key and rate-limiting enzyme of the whole pathway, and is responsible for the conversion of HMG-CoA into MVA. HMGR is strongly inhibited by statins.](CN-17-59_F1){#F1}

![**Statins exert neurotrophic actions and modulate synaptic plasticity.** Statins are able to induce neurotrophism and synaptic plasticity through the activation of CREB. The molecular pathways by which statins activate CREB signaling are mediated by MVA pathway-dependent and independent mechanisms. For details see the main text.](CN-17-59_F2){#F2}

![**Statins activate neurogenesis.** Statins influence adult neurogenesis at multiple levels. Indeed, this class of drugs can induce both proliferation and differentiation of neuronal precursor cells by modulating RhoA, Akt and Wnt signaling pathways.](CN-17-59_F3){#F3}

![**Statins reduce neuroinflammation and oxidative stress.** Statins show strong anti-inflammatory and antioxidant properties in several physiopathological conditions. In particular, HMGR inhibition by statins determine the downregulation of protein prenylation, which in turn leads to the suppression of NOX activity and to the reduction of pro-inflammatory cytokines.](CN-17-59_F4){#F4}

![**Statins interfere with brain tumor growth at multiple levels**. Statins lead to the alteration of both pro-survival and pro-apoptotic intracellular pathways, causing the inhibition of proliferation and the induction of apoptosis in brain cancer cells. Dashed lines indicate indirect and/or unknown signal transduction mechanisms. For details see the main text.](CN-17-59_F5){#F5}
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